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ABSTRACT,

The magnetic suaceplibilities of some orgapic liguid mixtures have
been examined by a new method.

It is found that there are no departures
from the additive law of mixtures.

The cases of acetone-chloroform and
acetone-nitrobenzene mixtures are examined critically and strong evidence

is put forward to show that association does not produce any change in
the specific diamagnetic susceptibility.

1. Introduction.

This paper is a continuation of a previous paper on this
subject by the writer and Sivaramakrishnan.! A large amount
of work has heen accomplished recently onthe diamagnetism
of mixtures of organic liquids. Unfortunately however reports
are not unanimous regarding the behaviour of such mixtures
from the point of view of the additive law of magnetic
susceptibilities, Taking a mixture like acetone and chloro-
form, Ravganadham,” Buchner,’ Trew and Spencer,'
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Farquharson ¢ and Sibaiya and Venkataramiah® have shown
that there are 2 to 5 per cent. variations from the additive law
at intermediate concentrations. Their experiments (except
those of Trew and Spencer and Farquharson) were conducted
by noting the rise in a Quincke’s apparatus except in the
last instance where the growth of drops and oscillations of
a plate in inhomogeneous magnetic fields were studied. In all
these experiments, we do not know how far surface tension
plays a part but attempts made by Sivaramakrishnan and the
writer to study the influence of magnetic fields on the surface
tensions of organic liquids gave a negative result.* While
this interesting point will be discussed at length later in the
paper, we may here mention that the actual shapes of the
curves of these investigators do not show any common resem-
blance whatever. Further while the above writers, except
Buchner, obtain a maximum decrease in the specific diamagne-
tic susceptibility (x) at about 309%' of acetone in the mixture,
Trifonov’ and Buchner® at the same concentration obtain an
increase in value. Further Garssen® using a Curie-Cheneveau
balance obtains an increase of nearly 1794 in the specific
diamagnetic susceptibility of mixtures of acetone and nitro-
benzene. Such a result is difficult to account for
from a theoretical point of view. Kido® more recently reports
that in all the liquid mixtures investigated by him, there
were no departures from the additive law and that diamagne-
tic susceptibilities are not affected by association.

The question is of fundamental interest in the theory of
magnetism since it raises the problem of the variation of
magnetic properties of the molecule which possesses a dipole

6 Natare, 129, 26 (19382).

6 Ind. Jour, Phys., 7, 393 (19392).

* fee Rolton and Troop, Proc, Phys. Boc., 36, 205 (1924).
7 Tables Ann. Int. de Const., 7, 1014 (1931),

8 Comptes Hendus, 196, 541 (1933).

9 Bci, Rep. Tohoku Imp, Uny., 21, 386 (1982).
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moment in the presence of another molecule also carrying a
dipole moment. It was therefore felt that it would be

of interest if the measurements are made by a different
method.

2. Experimental Method,

The new method is a kind of combination of the Curie
and the Guoy methods, the Guoy differential forces being
measured by the Curie method. With greater facilities, the
method is indeed capable of much greater precision and

accuracy. It gives us in fact a direct method of comparing
the volume susceptibilities of two liquids.

ABCD in Fig. 1is a light aluminium framework sus-
pended from a suspension wire of No. 42 (S.W.G) copper
wire of length 30 cms. Another framework F of the same
metal (side view also shown in Fig. 1) is rigidly attached to
ABCD at BE. This framework carries two glass tubes
horizontally, Each of these glass tubes is closed flatly at
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one end and has a ground stopper at the other end. They
are placed with their axes in the same line and their closed
ends touching each other, this junction heing arranged to be
at the centre of the space between the two polepieces of an
electromagnet. A mirror M reflected a heam of light on a
scale on which the deflections were read.

The electromagnet used was of the Pye’s type and had in
these experiments pole faces 1 cm. in diameter and 66 mms.
apart. 'I'he glass tubes used had a uniform and equal dia-
meter, being specially selected for the purpose. The Guoy
force on a liquid in one of these tubes depends on the inner
area and the square of the magnetic field. Increasing the
distance between the polepieces decreases the magnetic field
while the area of section of the tube could be increased.
Rough preliminary investigations showed that the dimen-
sions used in this investigation gave the largest force for
any given magnetic current. The field used was about 11,000
gauss.

The currents were taken from a 120 volt accumulator
battery, aud measured on a Cambridge Scientific Instrument
Company ammeter reading accurately to one tenth and by
estimation to one hundredth of an ampere.

Let us have the two tubes filled with two different liquids
having volume suscepiibilities k, and k;. If the magnetic
field has intensities H and H’ at the two ends of any one of
the two tubes (which have the same length), the magneto-
tractive forces on them are given by 3k A(H*-—H") and
},A(H*-H?.* If both the liquids are diamagnetic, tife
differential force acting on both the tubes fixed to the same
framework is the difference between these two expressions
and will act in such a direction that the more diamagnetic

® H' wes found to be —s-:-n% of H and hence has been neglocted {n the

ealoulstion.
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liquid will tend to move away from the centre of the volume
between the polepieces. To these we should add the differ-
ential force on the two glass tubes but since these are cons-
tructed to be almost identically the same, this force is very
small and in the investigation, this was measured and allowed
for directly. The magnetic values of the displaced air
mutually cancel out since the volumes of the two tubes are
also nearly equal. The differential force JAH*(Ja—k,) will

produce a couple on the torsion wire and hence give rise to a
deflection on the scale.

JAH2(k, —ko)oxd

where d is the deflection obtained on the scale. Since A and
H are maintained constant, the difference of the volume
susceptibilities is found to be dircctly proportional to the
deflection. If we take one of the two liquids as a standard,
the volume susceptibility of the other is known. If the
density of this liquid is known, we can calculate its specific
diamagnetic susceptibility.

Great care had to be taken in bringing the tubes always
to the same position whenever readings were taken. A
telescope was placed with its axis to coincide with that
of the tubes and focussed to bring-a point on one of the

ground caps to the centre of the cross wires in the field of
view,

An idea of the sensitiveness obtained in these experiments
can be had from the following figures. In the case when the
tubes contained acetone and chloroform, a deflection of 262
cms. (corrected for differences in the distances of the divisions
of the straight scale from the mirror) was obtained. Their
volume susceptibilitics were found to bhe 0:7307 and 0°4701
respectively. Thus a difference of about 0261 in the volume
susceptibility was read by a deflection of 262 divisions on the
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scale. These readings could be taken to within ;- of a divi.

sion. Taking into account the other factors also, it can be
safely assumed that the volume susceptibilities in this investi-

gation are correct to within %

Great care was taken in filling the tubes completely and
in weighing them before and after the magnetic experiment,
The density values were compared with that of water at the
same temperature and then calculated for water at 4°C.
The standard of susceptibility was taken to be 0°720 at
20°0.»

The liquids were all extra pure Kahlbaum’s and were
purified by distillation. In the case of acetic acid, it was
initially purified by freezing in ice at 16°7°0C. The agree-
ment of our density values (p,”) with the standard measure-
ments shows that our liquids were pure and that the error in

our results did not exceed é o8

3. Results.

A collection of the results for the different liquids used in
this investigation is given below.

The fact that the values of the specific diamagnetic sus-
ceptibility of the different liquids agree very well with those
obtained by other investigators shows the correctness of the
method adopted here.

10 All values of specific dismagnetic susceptibility (x) in this paper are to be multi
plied by 1078. According to Cabrera and Fahlenbrach, (Zeits. . Phys., 82, 761, 1933)
Xxw/Xx=10011. This would give x3="72079 and assuming p0=0'09507 (Landolt
Bornstein Tabellen, p. 74), %3 works to 0'7177. This was the value adopted in thia
investigution. However Auer (Ann. der Physik, 18, 609, 1983) gives x39=0'72268 which
leads to xg=0'7194. N.B. All values of x and x in this paper are to be multiplied by 10°%,
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TanLe 1.
82| g A
.
Liquid. g | G, | e -
25 | 3 B | R&S|SPR.| LCT.
=R -
Acetone 270 04701 0794 0692 0°595 | 0°5971 0581 I 0-58*
0'57ee

Chloroform 106 07307 1°476 0405 | 0494 | 004040 | 0485 0485*

0-46%*
Nitrobenzene | 890 | 06060 | 1200 ! 0'505 | 0513 07499
Benzene ‘06 | 06191 ‘878 | 0705 | 0702 | 07042 | ©O°712
Acetic acid 05408 1:040 0520 0526 0-58%e
Aniline 06979 1'010 0691 0693 1
R—Aanthor. R & 8—Rao and Sivaramkrishnan, ref. 1.
8.P.R.—8. P. Ranganadhan, ref, 2. I.C.T.—Internationsl Critical Tables,

Vol. 6, p. 361
* Buchner, ref. 3.

*# Sibaiya and Venkataramiah, ref. 6.

In choosing the liquids for the investigation of the addi-
tive law, Rao and Sivaramakrishnan were guided by the
shapes of the molecules. In this paper, on the other hand,
the electric moments of the liquids have been used as the
guiding factor. A simple consideration will indicate that if any
deviations from the additive law are to be expected at all,
they should arise only in the case where the liquids contain
molecules having permanent electric moments. Therefore
mostly such liquids have been used in this investigation and
the results seem to indicate that even in these cases, there
are no variations from the additive law.

(a) Acctone and Chloroform.

A reference was made in Sec. 1 to the conflicting results
obtained by various workers with this mixture. In spite of

11 Van Vleck, Theory of Electric and Magnetic Buscepuibilities, p. 66.
28
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careful measurements made in this investigation, no variation

from the additive law was obtained.

TasLg II.—Acetone and Chloroform.

Percentage weight of acetone o~ X
in the mixture. 4

0 1'476 04956

126 1'338 0506

8 1-190 07522

437 1083 0635

581 0985 0650

729 0910 0568

a8 0822 0-584

1000 0794 0592
oess \ tee
ous // v

/
0558 / . \ o
o
/‘ /(' ) \.
0'578 / . 74 / f - 1'800
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A graph hetween the composition and y is shown in Fig. 2.
It is seen that it is a straight line. Plots are also made of the
results of Trifonov,” Ranganadham,’ Sibaiya and Venkatara-
miah® and Rao and Sivaramakrishnan.! As was mentioned
earlier, it will be noticed that Trifonov and Buchner obtain an
increase in y while Ranganadham and Sibaiya and Venkatara-
miah obtain a decrease in this value. It will also be noticed
that the shapes of the curves of the latter investigators show
no mutual agreement. ® While the results of Rao and 8iva-
ramakrishan were subject to an error not exceeding +7 , the
results of the present investigation are accurate to within £ 9.
There do not seem to be any deviations from the additive law
to within this limit of error. The density curves of the mix-
tures are also interesting. It will be noticed that our results
agree closely with those of other investigators. The largest de-
parture from the linear relation occurs at a concentration of
about 502 of acetone in the mixture by weight and is not
more than 9% A fuller discussion will be given in
Section 4.

TasLE I1I.—Acetone and Nitrobenzene.

Precentage weight of acetone x
in the mixture. P
0 1200 0°508
15'6 1118 Q0518
80°3 1040 0531
42'3 0985 0542
619 0-910 | 0-&8
773 0853 i 057
00°2 0'814 'E U583
1000 T i o5

11 There are vanations of as much ss 43, between their results at large coevecira:
ions of acetone.
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(b), Acetone and Nitrobenzene.

This is a typical mixture since these two types of mole-
cules have the largest dipole moments in the list of liquids
studied here. The results are given in Table III.

Fig. 8 shows the graph between the composition and x.
The results of Garssen ® which are also plotted show consider-
able departures (as much as 1794 at intermediate concentra-
tions) from the additive law. There are two points in this
connection which need careful attention. Firstly, we have an
increase in the diamagnetic susceptibility in the case of mix-
tures. Secondly, the density data do not show any notable
anomaly. The deviations in the density-concentration curve
shown in Fig. 3 are just similar to what we observe in
the case of other liquids. We have to mention also here that
the Curie-Cheneveau balance method has been rather dis-
appointing in its application to the measurement of specific
susceptibilities and the inconsistency of the plots of Garssen
should be attributable to the method used. It will be noted
that in the initial experiments of Trew and Spencer " they
also obtained very inconsistent results with acetone-chloroform
mixtures using this method. It is therefore significant that
Hoare ™ has recently pointed out the disadvantages of this
method in the measurement of specific susceptibilities.
Garssen’s density measurements, on the other hand, coincide
very well with those obtained here.

(c) Acetone and Benzene.
Acetone has a strong electric moment while benzene is

almost nonpolar, The results are given below.:

8 Proc. Roy. Boc., A", 131, 209 (1931).
U Nature, 182, 614 (1933).
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TaBLE IV.—Acetone and Benzene.

Percentage weight of benzene in P 1 X

the mixture. ‘ =

0 0794 0°592

125 0803 0'608

a0 0813 0622

“0 0826 0640

630 0843 0661

80°0 0358 0682

100°0 0878 0705

In Fig. 4 is shown the curve between the concentration of
benzene in the mixture and the specific diamagnetic suscepti-
bility. This curve is a straight line while the composition-
density curve shows a small deviation from the straight line
curve. The results obtained by Marden and Dover * are also
plotted in the same graph and show a fairly good coincidence
with these measurements.

(d) Benzene and Acetic Acid.

Acetio acid shows considerable association in light scatter-
ing experiments.” A study of the mixtures of this fatty acid
with benzene is therefore of interest. Even in this case
there is no evidence of any departure from the additive law.
The results are tabulated below and the composion-X and the
composition-density curves are shown in Fig. 6. The density
variations do not show departures of more than 22 at inter-
mediate concentrations from the corresponding straight line
curve.

¥ J. Am, Chem. Boc., 88, 1240, (1916); taken from Tables Ann. Int, de Const., 4,

47 (1921).
18 Ind, Jour. Phys., 3, 1 (1928).
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Table V.—Benzene and Acetic Acid.

Percentage weight of benzene in the mixture. . X
4

v 1040 0'520

132 1°010 0'546

800 0978 0574

400 0942 0608

625 0020 0638

808 0'896 0668

100°0 0818 0-705

(¢) Benzene and Nitrobenzene.

This mixture has been studied by Trifonov’ and Rao and
Sivaramakrishnan.! These investigators did not find any
departures from the additive law. The same result has been
noted in the present work also. The results are given below :—

Table VI.—Benzene and Nitrobenzene.

Percentage weight of benzene in the mixtare. ” 1 x
2 !

0 1200 1 0°505

173 | 1°180 l 0538

876 | 1054 o578

56°4 0996 0616

778 0934 0658

18 0" 896 0680

1000 0878 0TS

It will be noted from the curves given in Fig. 6 that Trifonov’s
values of X are uniformly higher than those obtained by Rao
and Sivaramakrishnan and by the author.
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(f) Acetone and Acetic Acid.

This mixture offers also an interesting study since both are
polar. A remarkable result obtained with this mixture is that
the density curve is linear. This observation however is not
new and has been noticed already.” The composition-suscepti-
bility curve is also linear (Fig.7). The results are given

below :
620 040 690 1040
500 \ %40 650 ‘ // 940
L 3
; YL s
T.m \ / swl
$40 L\—\ 840 610 ‘z/ 8a0
0 20 40 o0 80 100 ] £0 40 60 80 0o
—mmﬁmm. —PERGENTAGE WEIBHT OF ANLINE
Fe. 7. FIG. 8,

Table VII.—Acetone and Acetic Acid.

Percentage weight of acetic acid in the mixture. o0 X
[

0 0°784 0592

180 0832 0580

314 0884 0°506

553 0°928 0653

720 0968 0540

BO'8 1006 0681

100°0 1'040 0520

I Tables Ano. Int. de Const., 3, 28 (1014).
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(g) Acetone and Aniline.

The curve shown in Fig. 8 between the composition and
X is found to be a straight line, There are also small changes
from the linear relation in the C, pP curve also. The follow-
ing table gives the results obtained with this mixture :

Table VII.—Acetone and Aniline.

Percentage weight of aniline in the mixture. ) x
1

0 0794 0592

285 0840 0614

440 0884 0635

659°7 0913 0u52

18 0°956 0’671

900 0980 0633

1000 1-010 r'eal

4. Discussion,

In an extremely interesting paper® Kido has studied the
magnetic susceptibility of ions. In previous papers® he had
worked out the ionic susceptibilities in certain important cases
and by using these values, he has shown that the molecular
susceptibilities of inorganic and organic compounds could be
calculated by assuming the additive law. These values agree
very satisfactorily with the observed values. It may be re.
called that Pascal found that the molecular susceptibility of
a compound can be obtained as the sum of the atomic suscep-
tibilities of the atoms of which the molecule of the compound

5 Boi. Rep. Toboku lmp. Uny., Q1. pp. 149, 288, 864 (183D) ; epocialiy 23, 38
(1088).

29



408 8. RAMACHANDRA RAO

is composed. A constant depcnding on the nature of the
molecule had also to be added. Kido has taken the calcula-
tion a bit further and by using appropriate ionic susceptibili-
ties has dispensed with the constant of Pascal. The additive
law may thus be taken as definitely established.

In the light of these observations, it is difficult to account
for any variations from the additive law in the case of mix-
tures except by a chemical reaction between the two types of
molecules in which the nature of tho bond is completely
altered. Such a chemical action will be accompanied by
certain anomalies in the physical properties of the mixtures
at those concentrations for which the action is strongest. In
the density curves of the mixtures of acetone and chloroform
and of acctone and nitrobenzene, no such anomalies have been
noted, The density curves resemble exactly those which are
obtained in the cases of liquids which have no mutual action.

Sibaiya and Venkataramiah® have studied the variation of
the viscosity and vapour pressure with composition. It is
doubtful whether we can call these facts for support in
the variation of magnetic susceptibilities. The viscosity
diagrams of mixtures show that they are sensitive to tempera-
tures. A reference to the work of Faust” indicates that as the
temperature of the acetone-chloroform mixture is raised from
13°C to 39°C, the concentration of chloroform in the mixture
at which the maximum coefficient of viscosity occurs passes
gradually from 829 to larger values ; at 19°C, the curve is
almost a straizht line and at 29°C, the curve becomes sfraight.
The vapour pressures of the mixtures are guided by the rela-
tive molecular concentrations of the liquids.

The case of acetic acid studied by Bibaiya and Venkata-
ramiah is different since in this case a distinct hump is formed
in the composition-susceptibility curve at a composition
corresponding to equal molecular concentrations of acetic acid

19 Tables Aon. Int. de Const., 3, 47 (1914),
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and water and a change in the nature of the carbon link
occurs in the chemical action.

There are two methods by which it is possible to explain
the discordance of the results obtained by us and other
workers. First it is just possible that temperature may have
a predominant part to play and that if experiments are con-
ducted at higher temperatures the variations from the additive
law may disappear. We presume here that the temperatures at
which we have made measurements are higher than those of
the other workers; and since the mixing of acetone and
chloroform is accompanied by evolution of heat, increase of
temperature would mean less number of molecules combining
with each other, We have instituted careful experiments to
study how the susceptibilities of the mixtures of acetone and
chloroform vary with temperature (Ref. 25).

But judging from what we have set forth at the begin-
ning of this section, particularly based on Kido's calculations,
it is very unlikely that there will be any such variations.

A second and perhaps more interesting possibility is that
the variations are due to the Quincke method itself or to the
methods in which surfaces of liquids are involved. There is
much evidence to show that while surface methods appear to
give the variations noted, Curie methods do not. Mention
may here be made of similar discrepancies in the study of
the temperature variation of the susceptibilities of liquids.
In the case of nitrobenzene, Mathur ® found that between 15°
and 76°C, the specific susceptibility decreases from *502 to *469.
Raoc and Sriraman ® found that between 30° and 110°C, the
diamagnetic susceptibility decreases at first, attains a mini-
mum at about 75°C and then rises gradually. These
investizators used the Quincke method. On the other hand,
Cabrera and Fahlenbrach,® using the Curie method, showed

¥ Ind. Jour. Phya. 6, 307 (1981,
B Ind Jour. Phya.. & 315 (1334).
B Zeits. . Phys, 85, 58 (19%Y.
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that the diamagnetism of nitrobenzene in the liquid was inde-
pendent of temperature below about 100°C. It was suggested
in the paper by Rao and Sriraman that the fall in the range
from 30° to 70°C might be due to the gradual breaking up
of association, A more careful consideration indicates that
even in the case of nitrobenzene, association may not
produce any chango in the specific diamagnetic susceptibility.
Todd ® very recently found that the changes in the X-ray
diffraction pattern of nitrobenzene produced by increase of
temperature and circulation substantiated the assumption
that the nitrobenzene molecules associate in pairs and are
dissociated by thermal or mechanical agitation. The struc-
tural chemical formula of nitrobenzene has been con-
sidered at some length by Todd. Smyth has shown that
the electric moment of the nitrobenzene molecule lies in the
plane of the benzene ring, the NO, group being negative with
respect to the benzene ring. When two molecules therefore
associate to form a double melecule, the dipoles of the single
molecules oppose and cancel each other. Thus there are no
electron linkages or co-ordinate links between the molecules
but only electrostatic interaction. It is obvious therefore
that such a state of association would not give rise to any
change in the diamagnetic susceptibility but would profoundly
affect the properties like optical and X-ray scattering, electric
and magnetic double refraction?* and the Faraday rotation.
The results of Rao and Sriraman on the temperature effect
of the diamagnetism of nitrobenzene were obtained as early
a8 in the summer of 1932 but these considerations stood in
the way of their publication earlier. It is therefore of great
interest to find that Cabrera and Fahlenbrach found no varia-
tion in the diamagnetic specific susceptibility of nitrobenzene
as the temperature of the liquid was raised. Here again it
appears to the writer that the Quincke method is responsible

B Phys. Rev., 4, 44, 78T (1433).
# Comp. Rend., 197, 1612 (1983).



DIAMAGNETISM OF ORGANIC LIQUID MIXTURES 501

for the variations observed by Mathur, and by Rao and
Sriraman.*

‘When it is admitted that nitrobenzene does not show any
change in the value of its specific diamagnetic susceptibility
due to association, it is difficult to see how binary mixtures of
nitrobenzene with other liquids would show variations from
the additive law. If, further, this variation depends on the
electric moment of the other molecule, then there should be
a progressive change as the electric moment of the other type
of molecule is reduced by taking different suitable liquids.
Such a progressive change has not been noted in this investi-

gation,

% Note added in proo] 21 5.34 :—More recently, P. 8 Varadachari bes studied in thn
laboratory in an extremely careful manner, the varistion with tempersture of the dismag-
netic susceptibilities of pure organic liquids and their binary mistures. He used the Quincke
method with large magnetic fields. When sll the corrections are applied, it 1s found that
the additive law is obeyed at different temperatures in the case of typical mistares hbe
acelone and chloroform and acefome and nitrobenzene. No vanation of the duarmagnetac
susceptibility of nitrobenrene with temperature was obtained. The pressnce of impanites |
the liquids and of air sbove them aflected the results considersbly.



